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Aims and objectives
Diffusion weighted (Dw) magnetic resonance (MR) imaging has recently become a useful
technique for evaluating various diseases, e.g., acute cerebral infractions and tumors
[1]. Dw MR imaging is a method for imaging of incoherent motions. In Dw MR imaging,
the b-values represents the intensity of the gradient magnetic field. Dw images with high
b-values are influenced less by perfusion but more by diffusion. It is becoming more
important to apply an analysis method with high b-values, e.g., q-space -analyzed Dw
MRI [2], diffusional kurtosis imaging [3], and modified tri-exponential analysis of intravoxel
incoherent motion [4]. The signal intensity (SI) of the Dw image decreases by echo time
(TE) prolongation, and this leads to a low signal-to-noise ratio (SNR) [5]. Additionally, it
has been reported that a low SNR influences the determination of the apparent diffusion
coefficients (ADC) [6], or leads to failure in measuring diffusion anisotropy [7].
MR images are commonly presented as magnitude images. The magnitude images
are made by reconstruction of real images and imaginary images [8]. These images
are acquired by a quadrature detector system; they are influenced by the statistical
image noise. Before reconstruction, the noise from these images has characteristics
of a Gaussian distribution. On the other hand, the magnitude image has not only the
characteristics of a Gaussian distribution, but also of a Rician distribution [9]. They
indicate that the magnitude image does not have a negative value. This distribution has
characteristics that differ from those of the Gaussian distribution. Many reports applied
to the Rician distribution, e.g.,R2* estimation of the liver [10], and determination of the
optimal b-value in diffusion tensor imaging [11]. Thus, it is important for MR imaging to
assess the relationship between the signal values and the Rician distribution.
Therefore, the signal correction in high-b-value images is expected to yield improved
images as a consequence of application of the Rician distribution. We became interested
in correction schemes from past reports. Previous articles did not describe high-b-value
Dw signals corrected with use of these schemes. Our purpose in this our study was to
correct the noise in order to improve the SNR of Dw images with high b-value by using
two correction schemes based on the probability distributions.
Methods and materials
1 Magnitude image of MR imaging
MR images consist of reconstruction of real images and imaginary images. The SI from
the jth pixel in a complex MR image was described by Henkelman [4]:
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Fig. 1
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where Sj is the measured signal amplitude, Aj is the true signal amplitude of the jth pixel,
and NRj and NIj are the noise components. The magnitude of the SI, Mj, is described as
follows:
Fig. 2
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2 Probability distribution
The probability density function (PDF) for the Gaussian distribution for the measured pixel
intensity M is given by
Fig. 3
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where µ is mean, and # is the standard deviation (S.D.). This probability density
distribution show in Fig. 4.
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Fig. 4: The probability density distribution of the Gaussian distribution for M.
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The PDF for the Rician distribution for M is given in reference [4]:
Fig. 5
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where A is the true pixel intensity, and I0 is the modified zeroth order Bessel function.
Besides, this probability density distribution show in Fig.6.
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Fig. 6: The probability density distribution of the Rician distribution for M. Standard
deviation # is 1.
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The characteristics of the Rician distribution differ from those of the Gaussian distribution
when the SNR is low. However, when the SNR is high, it is approximately equal to the
Gaussian distribution [9]. When the SNR is high, the Rician distribution is approximated
by Eq. (5) [9]:
Fig. 7
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The noise distribution of a magnitude image at a high SNR can be regarded as the
Gaussian distribution with mean #(A2+#2) and variance # as determined by this equation.
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The postprocessing correction scheme introduced by Gudbjartson and Patz suggested
that it was possible to reduce noise by using the following relationship [9]:
Fig. 8
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where Ã1 is corrected SI. We used Eq. (6) as behaving the correction scheme based on
the Rician distribution.
There is a relationship, M2=A2+2#2, between the mean of the measured SI and the true SI
in the magnitude image [4]. Then, the following correction scheme has been established
[9]:
Fig. 9
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where Ã2 is the corrected SI. We established Eq. (7) as behaving the correction scheme
based on the Gaussian distribution.
3 MR imaging
On a 1.5T MRI system (Signa HDxt, GE Healthcare, Waukesha, WI, USA), Dw imaging
of a phantom was performed with single-shot spin-echo echo-planner imaging (SS-SE-
EPI). To acquire Dw images of ADC, we made phantoms by using sucrose solutions of
different concentrations (10, 30, and 50 wt%) [12]. SI decay model show in Fig. 10.
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Fig. 10: Signal intensity decay model in sucrose phantom. The signal intensity of this
phantom follow mono-exponential decay model.
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Each phantom was placed in the center of a standard head coil. The other imaging
parameters show Table 1.
Page 8 of 22
Table 1: Imaging parameters.
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4 Data analysis
A typical example of the region-of-interest (ROI) setting is shown in Fig. 1. We measured
SIs at the ROI (for the size for 15 × 15 pixels). Then we measured the mean SI M and S.D.
# in the ROI. Next, we calculated each PDF by using an in-house program from MATLAB
(MathWorks, Natick, MA, USA). We derived the median value A from each PDF, i.e., we
regarded A as the true SI. Furthermore, we calculated each corrected SI (Ã1 and Ã2)
from each Eq. (6) and Eq. (7).
To assess the results of correcting the measured SI in Dw imaging, we evaluated error
values in each b-value Dw image. The error value is defined by Eq. (8):
Fig. 11
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regarded the effect as accurate performance.
The chart of this experiment shows in Fig. 12.
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Fig. 12: Chart of this experiments.
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Images for this section:
Fig. 4: The probability density distribution of the Gaussian distribution for M.
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Fig. 6: The probability density distribution of the Rician distribution for M. Standard
deviation # is 1.
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Fig. 10: Signal intensity decay model in sucrose phantom. The signal intensity of this
phantom follow mono-exponential decay model.
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Table 1: Imaging parameters.
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Fig. 12: Chart of this experiments.
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Results
Table 2 shows the relationship between b-values and several signal-to-standard
deviation ratios for each phantom.
Table 2: Relationship between b-values and several signal-to-standard deviation
ratios.
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Figure 13 shows the Dw images (a, b, and c) and the PDFs from the Rician distribution
(d, e, and f). Each SI for a Dw image was shown to decrease at the higher b-values. The
PDFs shifted to low intensity, and the variances were low at higher b-values.
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Fig. 13: Diffusion weighted images and probability distribution function from the Rician
distribution.
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Figure 14 shows the error between the correction SI and the true SI. The highest
error values for each phantom concentration (10, 30, and 50 wt%), in correction by
the correction scheme based on the Rician distribution, were 7.3, 2.4, and 0.1 [%],
respectively. The highest error values for each of the three phantom concentration in
correction by the correction scheme based on the Gaussian distribution, were 20.3, 11.6,
and 3.4 [%], respectively. When A/# was lower than 1.4, the error value was determined
by application of the correction scheme based on the Rician distribution, which was higher
than 5.0 [%]. In addition, when A/# was lower than 3.0, the error values were determined
by application of the correction scheme based on the Gaussian distribution, which were
higher than 5.0 [%] (Table 2 and Fig.14).
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Fig. 14: Error value between the correction signal intensity and true signal intensity.
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Images for this section:
Table 2: Relationship between b-values and several signal-to-standard deviation ratios.
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Fig. 13: Diffusion weighted images and probability distribution function from the Rician
distribution.
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Fig. 14: Error value between the correction signal intensity and true signal intensity.
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Conclusion
In Dw imaging, the correction of the SI makes it possible to apply a correction scheme
based on the Rician distribution.
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